The high mobility group (HMG) proteins of the HMGB family are architectural factors in eukaryotic chromatin, which are involved in the regulation of various DNAdependent processes. We have examined the post-translational modifications of five HMGB proteins from maize suspension cultured cells, revealing that HMGB1 and HMGB2/3, but not HMGB4 and HMGB5, are phosphorylated by protein kinase CK2. The phosphorylation sites have been mapped to the acidic C-terminal domains by analysis of tryptic peptides derived from HMGB1 and HMGB2/3 using nanospray ion trap mass spectrometry. In native HMGB1, Ser 149 is constitutively phosphorylated, whereas Ser 133 and Ser 136 are differentially phosphorylated. The functional significance of the CK2-mediated phosphorylation of HMGB proteins was analyzed by circular dichroism measurements showing that the phosphorylation increases the thermal stability of the HMGB proteins. Electrophoretic mobility shift assays demonstrate that the phosphorylation reduces the affinity of the HMGB proteins for linear DNA. The specific recognition of DNA minicircles is not affected by the phosphorylation, but a different pattern of protein-DNA complexes is formed. Collectively, these findings show that phosphorylation of residues within the acidic C-terminal domain of the HMGB proteins can modulate protein stability and the DNA binding properties of the HMGB proteins.
The high mobility group (HMG) proteins of the HMGB family are architectural factors in eukaryotic chromatin, which are involved in the regulation of various DNAdependent processes. We have examined the post-translational modifications of five HMGB proteins from maize suspension cultured cells, revealing that HMGB1 and HMGB2/3, but not HMGB4 and HMGB5, are phosphorylated by protein kinase CK2. The phosphorylation sites have been mapped to the acidic C-terminal domains by analysis of tryptic peptides derived from HMGB1 and HMGB2/3 using nanospray ion trap mass spectrometry. In native HMGB1, Ser 149 is constitutively phosphorylated, whereas Ser 133 and Ser 136 are differentially phosphorylated. The functional significance of the CK2-mediated phosphorylation of HMGB proteins was analyzed by circular dichroism measurements showing that the phosphorylation increases the thermal stability of the HMGB proteins. Electrophoretic mobility shift assays demonstrate that the phosphorylation reduces the affinity of the HMGB proteins for linear DNA. The specific recognition of DNA minicircles is not affected by the phosphorylation, but a different pattern of protein-DNA complexes is formed. Collectively, these findings show that phosphorylation of residues within the acidic C-terminal domain of the HMGB proteins can modulate protein stability and the DNA binding properties of the HMGB proteins.
High mobility group (HMG) 1 proteins represent a heterogeneous class of small and relatively abundant chromatin-associated proteins of eukaryotes (1, 2) . Proteins belonging to the subgroup of the HMGB proteins 2 (previously termed HMG1/2 proteins (3)) have in common a distinctive DNA-binding motif, termed the HMG-box domain, in which the global fold is well conserved and consists essentially of three ␣-helices arranged in an L-shape (1, 4) . The HMG-box domain mediates both non-sequence-specific binding of these proteins to the minor groove of linear DNA and high affinity interactions with distorted DNA structures such as four-way junctions, minicircles, and cis-platinated DNA (2, 4, 5) . In complexes with B DNA, a hydrophobic wedge on the concave surface of the HMG-box domain is inserted into the minor groove of the DNA, which contributes to the extent of DNA bending induced by the protein (5) . The DNA interactions of the HMG-box domains, which occur in different plant, vertebrate, insect, and yeast HMGB proteins, are modulated by basic and acidic domains flanking the DNA-binding motif (4) . HMGB proteins act as architectural components in chromatin facilitating the assembly of nucleoprotein complexes, which are involved, for instance, in the regulation of transcription and recombination (2, 4) .
In contrast to other eukaryotes, which usually have two or three different HMGB proteins, (higher) plants contain several HMGB proteins (Ն5 family members). The plant HMGB proteins have a single HMG-box domain, which is flanked by a basic N-terminal domain and an acidic C-terminal domain (6) . Although the amino acid sequences of the HMG-box domains of the various plant HMGB proteins are relatively conserved, the basic and acidic flanking regions are variable in length and sequence (6) . The plant HMGB proteins differ in their chromatin association and nucleosome binding (7) , in their expression in the plant (8) , and in some of their DNA interactions (9) . Therefore, they may be adapted to act in different DNA-dependent processes in the nucleus.
Vertebrate HMGB proteins are subject to various post-translational modifications such as acetylation, methylation, ADPribosylation, and glycosylation, but relatively little is known about the functional significance of these modifications (10, 11) . Insect HMGB proteins are phosphorylated by protein kinase C, inhibiting their DNA binding and nuclear translocation (12) . More recently, it was demonstrated that insect HMGB proteins are constitutively phosphorylated by protein kinase CK2, altering their conformation, stability, and DNA binding specificity (13) . Furthermore, plant CK2-type protein kinase activities were found to phosphorylate in vitro nuclear proteins from maize and broccoli that were characterized as HMG proteins by their size and solubility in 2% trichloroacetic acid (14, 15) .
Here, we report that the maize HMGB1 and HMGB2/3 proteins, but not the HMGB4 and HMGB5 proteins, are phosphorylated by CK2 in vivo and in vitro. The phosphorylation sites have been mapped to the acidic C-terminal domains of the proteins. Phosphorylation by CK2 modulates the thermal stability of the plant HMGB proteins and alters their interactions with DNA.
EXPERIMENTAL PROCEDURES
Phosphorylation of the HMGB Proteins in Vivo-Maize Black Mexican Sweet (BMS) suspension culture cells were grown as described previously (8) . Mid-log phase cells were incubated with 15 Ci/ml [ 32 P]orthophosphate (Amersham Biosciences, Inc.) for 12 h. Cells were frozen in liquid nitrogen, and the HMG proteins were extracted using 2% trichloroacetic acid (16) . The extracted proteins were separated by SDS-PAGE in 18% polyacrylamide gels and analyzed by silver staining and autoradiography.
Purification of Proteins-Full-length and truncated recombinant maize HMGB proteins were expressed in Escherichia coli and purified by three-step column chromatography as described previously (16, 17) . Native HMGB proteins were isolated from maize BMS cells by 2% trichloroacetic acid extraction and subsequently purified by Resource Q chromatography as described previously (16) . The recombinant maize CK2␣ protein was expressed in E. coli using the pT7-7/BL21(DE3) system (kindly provided by Drs. B. Boldyreff and O.-G. Issinger) as described previously (18) . The recombinant protein kinase was purified by three-step fast protein liquid column chromatography. The first chromatography was performed using heparin-agarose (Sigma) in HA buffer (0 -1 M KCl in 50 mM Tris/HCl, pH 7.9, 1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 100 g/ml benzamidine), and was followed by Resource S and Resource Q (Amersham Biosciences, Inc.) chromatographies, which were performed as described previously (16) . The native CK2 was purified from nuclei isolated from immature maize kernels by three-step fast protein liquid column chromatography. Heparin-agarose and Resource S chromatographies were performed as described for the recombinant protein kinase, whereas casein-agarose (Sigma) was used for the final purification step in buffer CA (0 -1 M NaCl in 10 mM sodium phosphate, pH 7.0, 7.5 mM MgCl 2 , 5 mM EDTA, 10 mM 2-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride).
CK2 in Vitro Phosphorylation Assays-For analytical phosphorylation reactions, the different HMGB proteins (1 M) were incubated in a total volume of 20 l at 37°C for 1 h with 40 ng of recombinant CK2 in the presence of 100 nCi of [␥-
32 P]ATP (or [␥-32 P]GTP) (Amersham Biosciences, Inc.) in CK2 buffer (25 mM Tris/HCl, pH 8.5, 10 mM MgCl 2 , 1 mM DTT). The phosphorylation reactions were monitored by separation of the proteins by SDS-PAGE in 18% polyacrylamide gels followed by autoradiography or scanning of the gels with a Typhoon 8600 phosphorimaging device (Amersham Biosciences, Inc.). The scanned data were used for quantification. For preparative phosphorylation, 20 g of the HMGB proteins were reacted with 400 ng of CK2 in the presence of 300 M ATP in a total volume of 50 l. The phosphorylation status of the HMGB proteins was checked by acetic acid urea-PAGE in 18% polyacrylamide gels (which resolve the HMGB proteins according to the number of phosphates incorporated into the protein) and by mass spectrometry. To ensure specific phosphorylation of the proteins, the CK2 phosphorylation reactions of the proteins used for structural and functional assays were limited so that routinely double-phosphorylated HMGB proteins were used for further analyses.
Mass Analysis of Proteins and Tryptic Peptides-All mass spectrometry analyses were performed on an ion trap LC-Q mass spectrometer (Finnigan) equipped with a nanospray source. Before measurement of the total mass of native and recombinant HMGB1 and HMGB2/3, the purified proteins were concentrated and desalted using a C18 Ziptip (Millipore). The proteins were eluted in 5 l of 50% acetonitrile, 0.1% acetic acid, and directly applied in the nanospray needle. For HMGB protein dephosphorylation, native or recombinant proteins were desolved in 50 mM Tris/HCl, pH 8.5, and 2 units of alkaline phosphatase (Sigma) were added and incubated for 2 h at 28°C. For tryptic digests, the HMGB proteins were dissolved in 25 mM Tris/HCl, pH 8.5, to which 0.5 g of trypsin (Promega) was added. Trypsin digestion was performed at 28°C for 3 h. One-half of the digest was acidified with acetic acid, and the other part was treated with 2 units of alkaline phosphatase for 2 h at 28°C before the addition of acetic acid.
Circular Dichroism-The measurements of HMGB1 and HMGB2 at a concentration of 10 M in 10 mM sodium phosphate, pH 7.0, 1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride were performed using a Jasco J700 instrument with a Peltier temperature controller. The temperature scans were performed in the range between 20 and 90°C at a scan rate of 1.5°⅐min
Ϫ1 . All scans were base-linesubtracted, and the raw data were used for fitting, assuming a twostate unfolding process. Raw data were fitted to equation 1 (19) and all fittings were performed in Kaleidagraph,
where T m is the midpoint temperature of denaturation, ⌬H Tm is the enthalpy of denaturation at this temperature, and ⌬C p is the specific heat capacity for unfolding. A and C are the ellipticities of the native and denatured states at 298 K, and B and D are the linear dependencies of these values on T.
Electrophoretic Mobility Shift Assays-For binding studies with linear DNA, a 98-bp DNA fragment was amplified by PCR from plasmid pCB8 (20) using fluorescein-labeled primers P1 (5Ј-CTTTGTAGAGTG-CGGGTGCT) and P2 (5Ј-ACAGGCCAGGGCCAGCGCTT). Various concentrations of recombinant nonphosphorylated and CK2-phosphorylated HMGB proteins were incubated in a total volume of 20 l with 2 ng of the fluorescein-labeled DNA fragment in a buffer containing 10 mM Tris/HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT. Protein binding to the DNA was examined by electrophoresis on 5% polyacrylamide gels in 1ϫ TBE buffer and scanning of the gels using a Typhoon 8600 phosphorimaging device (Amersham Biosciences, Inc.) at excitation 532 nm and emission 526 nm. DNA binding analyses using a mixture of 32 P-labeled linear and circularized 78-bp DNA fragments and various concentrations of HMGB proteins by electrophoretic mobility shift assays were performed as described previously (16, 17) .
RESULTS

Phosphorylation of the Maize HMGB Proteins in Vivo-A
comparison of the measured masses of the five maize HMGB proteins purified from immature kernels with the masses calculated from the amino acid sequences (Fig. 1A ) indicated that the proteins are post-translationally modified in vivo (8) . To analyze whether the HMGB proteins are phosphorylated in maize BMS suspension cultured cells, in vivo 32 P labeling of the cells was performed. Taking advantage of the acid solubility of the HMG proteins (1, 16) , the HMGB proteins were isolated by 2% trichloroacetic acid extraction of the labeled cells. Autoradiography of the trichloroacetic acid-extracted proteins separated by SDS-PAGE revealed that predominantly two protein bands were labeled with 32 P that co-migrate with the HMGB1 and HMGB2/3 proteins (Fig. 1B) ; this indicates that the maize HMGB1 and HMGB2/3 proteins are phosphoproteins in vivo.
CK2 Phosphorylates in Vitro HMGB1 and HMGB2/3 but Not HMGB4 and HMGB5-Because the amino acid sequences of all maize HMGB proteins contain several consensus substrate sites for protein kinase CK2, and because some plant HMGtype proteins could be phosphorylated by CK2 activities (14, 15) , we tested whether the purified recombinant maize HMGB proteins are substrates for purified recombinant maize CK2. Protein kinase CK2 (also known as casein kinase II) is an ubiquitous enzyme catalyzing the phosphorylation of certain Ser/Thr residues in the substrate protein (21, 22) . The well characterized maize CK2␣ (18, 23) was expressed in E. coli and purified by three-step column chromatography. Incubation of the five maize HMGB proteins with recombinant CK2 in the presence of [ 32 P]ATP and analysis of the proteins by SDS-PAGE and autoradiography demonstrated that CK2 can catalyze the phosphorylation of the HMGB1 protein and the two closely related HMGB2/3 proteins (89% amino acid sequence identity), but the enzyme does not phosphorylate HMGB4 and HMGB5. HMGB2 and HMGB3 are more readily phosphorylated by CK2 in vitro than HMGB1. Depending on the extent of the CK2 phosphorylation reaction, the HMGB proteins occur in the single, double, or triple phosphorylated state. 3 For further structural and functional studies, the double phosphorylated form of the three proteins was used. As most of the predicted CK2 consensus phosphorylation sites (as predicted by Phospho Base 2.0) 4 are situated within the acidic C-terminal domain of the HMGB proteins, recombinant C-terminally truncated versions of HMGB1 (Fig. 1A) were examined in comparison with full-length HMGB1 in CK2 phosphorylation assays (Fig. 1D) . Compared with full-length HMGB1, the phosphorylation of HMGB1(M1-D134), which has a truncated C-terminal domain, was strongly reduced (only a very faint band was visible) and completely abolished for HMGB1(M1-K123), which lacks the acidic C-terminal domain, demonstrating that recombinant maize CK2 phosphorylates residues within this acidic domain.
To examine whether the HMGB1 proteins are comparably phosphorylated by native CK2, the enzyme was purified by three-step column chromatography from immature maize kernels. The CK2 preparation isolated from maize kernels contained a protein that co-migrated in SDS-PAGE with recombinant CK2␣ (ϳ36.5 kDa) and that reacted with an antiserum raised against recombinant CK2.
3 In contrast to most other protein kinases, CK2 can utilize efficiently either ATP or GTP as phosphate donors (21) . We compared the ability of recombinant and native maize CK2 to use ATP and GTP in HMGB2 phosphorylation assays, demonstrating that HMGB2 was phosphorylated similarly by both CK2 preparations in presence of various concentrations of ATP or GTP (Fig. 2, A and B) . Another distinguishing feature of CK2 is its specific inhibition by low concentrations of heparin (21) . Therefore, the phosphorylation of HMGB2 by the recombinant and native maize CK2 was performed in the presence of various heparin concentrations. Both protein kinase preparations were severely inhibited by 40 and 80 ng/ml heparin, and the reaction was completely abolished by 240 ng/ml heparin (Fig. 2C) . Thus, the comparable utilization of ATP and GTP as phosphate donors and the specific inhibition of the phosphorylation reaction by heparin indicate that the recombinant and native maize CK2 preparations react almost indistinguishably with the HMGB2 protein.
Phosphorylations Occurring in the Native and the in Vitro CK2-phosphorylated HMGB Proteins-The total masses of the HMGB1 and HMGB2/3 proteins purified from BMS cells were measured before and after treatment with alkaline phosphatase (which dephosphorylates phosphoproteins) to determine the number of phosphorylations in the native proteins. In the case of the native HMGB1 protein, the mass of the protein was reduced by 383 Da upon phosphatase treatment. Dependent on the number of Na ϩ ions removed during the phosphatase treatment, the number of phosphorylation sites on HMGB1 varies between three and five. Most likely, there may be four phosphorylations, as these together with three simultaneously removed Na ϩ ions account for a mass difference of 385 Da. In line with that, the removal of four phosphates was also observed by analysis of the dephosphorylation reaction using acetic acid urea-PAGE. 3 Furthermore, the measured mass of the phosphatase-treated native HMGB1 matched the calculated average mass (Table I) kaline phosphatase reduced the number of observed mass peaks to two (Table I) , one with the same molecular mass as HMGB2 and the other one derived from HMGB3, with a mass 162 Da larger than the calculated average mass. The nature of this mass difference is unknown. In principle, 162 Da may correspond to the mass of a hexose but could also be the result of a combination of other modifications and/or adhesion of Na ϩ ions. The most likely scenario to explain the mass differences before and after alkaline phosphatase treatment (HMGB2, 238 Da; HMGB3, 237 and 157 Da) is the following. Dephosphorylation of native HMGB2 (15,556 Da) gives rise to the species with a mass of 15,318 Da corresponding to the removal of three phosphate groups. Native HMGB3 is present in two different phosphorylation states containing in part two phosphorylations (resulting in a mass of 15,326 Da) or containing three phosphate groups (resulting in a mass of 15,406 Da). The mass values determined for the native untreated HMGB1 and HMGB2/3 proteins isolated from BMS cells (Table I) are similar to those determined previously for proteins purified from immature maize kernels (8) , indicating that the proteins are similarly modified in both tissues.
To determine the number of sites phosphorylated by CK2 in vitro, the difference in mass between the phosphorylated recombinant HMGB proteins before and after treatment with alkaline phosphatase was analyzed by mass spectroscopy. The phosphatase treatment reduced the masses of the proteins by 152, 214, and 156 Da for HMGB1, HMGB2, and HMGB3, respectively. This finding corresponds well with the presence of two phosphorylations on each protein, which is in line with the number of phosphorylations determined by acetic acid urea gel electrophoresis. 3 In the case of HMGB2 we assume that, together with the two phosphate groups, two Na ϩ ions were removed from the protein. The measured masses of the alkaline phosphatase-treated and the CK2-phosphorylated/alkaline phosphatase-treated recombinant HMGB1 fit well (Table I) . HMGB2 and HMGB3 show mass differences of 95 and 90 Da, respectively, between the measured alkaline phosphatasetreated proteins and calculated masses. The nature of this difference is unknown but could be explained by the binding of four Na ϩ ions to the polypeptide chain (24) . The HMGB proteins bind easily Na ϩ ions. We have recognized the tryptic C-terminal acidic peptides and other peptides as Na ϩ and 2 Na ϩ adducts in the mass spectra next to the common protonated forms. (Table II) . The situation for the second to last C-terminal tryptic peptide was more complicated. In the recombinant protein this peptide contains a single phosphorylation site, but the MS/MS data were inconclusive as to whether the phosphate is situated on Ser 133 or on Ser 136 . In the trypsin digestion of the native HMGB1, this peptide was found in the double phosphorylated and single phosphorylated states as well as in the nonphosphorylated state (Fig. 3) . The MS/MS data of the peptide ion with a mass of 1873 Da (m/z 936.4) contained a phosphate group on both of the Ser residues (Ser 133 and Ser 136 ). The MS/MS data of the ion with mass of 1793 Da (m/z 896.5) showed that the peptide was uniquely phosphorylated on Ser 133 . The tryptic peptide with a mass of 1713 Da (m/z 856.5), of which none of the two Ser residues were phosphorylated, was also present in the MS spectrum of the tryptic peptides from native HMGB1. Approximately 75% of the peptide (Glu 124 -Lys 137 ) occurs in the double phosphorylated form, whereas ϳ12.5% is found in the nonphosphorylated and ϳ12.5% in the single phosphorylated form (Fig.  3) . Therefore, HMGB1 is constitutively phosphorylated on Ser 149 but differentially phosphorylated on Ser 133 and Ser 136 (Table II) . The in vitro phosphorylation experiment (Fig. 1D ) with the C-terminally truncated HMGB1(M1-D134) protein is in agreement with this finding. HMGB1(M1-D134) lacks the region containing Ser 136 and Ser 149 and is phosphorylated only extremely weakly by CK2 (compared with the full-length protein), and the phosphorylation is completely abolished for HMGB1(M1-K123).
CK2 Phosphorylates Residues within the Acidic C-terminal Domain of HMGB1 and HMGB2/3-To
The analysis of the tryptic peptides derived from native and in vitro CK2-phosphorylated HMGB2 and HMGB3 revealed that the two C-terminal tryptic peptides were phosphorylated. We could not determine exactly the number and location of the phosphate groups in the amino acid sequences of these peptides, as we were unable to detect the phosphorylated peptides in the mass spectrum, which may be due to ion suppression (25, 26) or to the fact that these peptides have a negative charge. Alkaline phosphatase treatment of the phosphorylated tryptic peptides, however, resulted in the appearance of the two Cterminal nonphosphorylated tryptic peptides in the mass spectrum, which were absent in the original mass spectrum of the untreated sample. This fact indicates that the two C-terminal peptides of both proteins are phosphorylated. Therefore, the ) and on four candidate residues for HMGB3 (Thr113, Ser119, Ser121, Ser130), as indicated in Fig. 1A .
CK2 Phosphorylation Increases the Thermal Stability of the HMGB Proteins-To examine whether CK2 phosphorylation alters the stability of the HMGB proteins, the thermal denaturation of the proteins was followed by CD at 222 nm, because the HMG-box domain is largely ␣-helical. The temperature scans for nonphosphorylated and in vitro CK2-phosphorylated HMGB1 and HMGB2 revealed that the phosphorylated proteins exhibited increased melting temperatures (Fig. 4) . The melting profiles for the nonphosphorylated and phosphorylated proteins are shifted toward higher melting temperatures according to their increased thermostability. The observed melting temperatures were 48.3 and 50.3°C for nonphosphorylated HMGB1 and HMGB2, respectively, and 52.4 and 51.6°C for phosphorylated HMGB1 and HMGB2, respectively. Although there was only an insignificant rise (1.3°C) in the thermal stability of HMGB2, a marked phosphorylation-induced increase (4.1°C) in the melting temperature was observed in the case of HMGB1.
Phosphorylation by CK2 Alters the Interactions with DNA-
The interaction of nonphosphorylated and in vitro CK2-phosphorylated HMGB1 and HMGB2 with linear DNA was compared to test whether the phosphorylation alters the DNA binding properties of the proteins. Increasing concentrations of the HMGB proteins were incubated with a 98-bp fragment, and the formation of complexes was monitored by electrophoretic mobility shift assays (Fig. 5A) . As the plant HMGB proteins do not form specific complexes with linear DNA (16), protein binding to the DNA can be seen best as the disappearance of the DNA band corresponding to the unbound fragment. With both proteins the phosphorylation resulted in a reduced affinity for the linear DNA, because (compared with the nonphosphorylated proteins) higher concentrations of phosphorylated HMGB1 and HMGB2 are required to detect DNA binding.
DNA minicircles are high affinity binding sites for HMGB proteins of various sources (4 -6). The minicircles are bound structure specifically, because HMGB proteins display a marked preference for the minicircle over the corresponding linear DNA. The interaction of nonphosphorylated and in vitro CK2-phosphorylated HMGB1 and HMGB2 with a 32 P-labeled 78-bp DNA minicircle was examined in the presence of the corresponding linear 78-bp fragment using electrophoretic mobility shift assays. In the tested protein concentration range, both proteins bound the minicircular but not the linear fragment (Fig. 5B) . The HMGB proteins bind the linear DNA only when the preferred binding sites on the minicircles are occupied by the proteins (16) . The phosphorylation of the proteins has no significant influence on the recognition of the structure of the minicircle. However, at higher concentrations (500 nM, 1 M) the nonphosphorylated HMGB1 and HMGB2 form a third complex with the minicircle, which is not formed by the phosphorylated proteins.
DISCUSSION
Mass spectrometric analyses of HMGB proteins purified from immature maize kernels have previously indicated that the HMGB proteins are subject to post-translational modifica- 
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tions (8) . In this report, we show by in vivo 32 P labeling that HMGB1 and HMGB2/3 are phosphorylated in BMS cells. HMGB1 and HMGB2/3 but not HMGB4 and HMGB5 are phosphorylated in vitro by recombinant (Fig. 1C) and native 3 maize protein kinase CK2, although all five proteins theoretically contain CK2 phosphorylation sites. Moreover, the CK2 phosphorylation sites predicted for HMGB1 and HMGB2/3 are only to a certain extent in agreement with our experimental results obtained with native HMGB proteins. The minimal consensus consists of an acidic or phosphorylated residue at position ϩ3 relative to the phosphorylation site, but efficient phosphorylation by CK2 requires the presence of clusters of acidic residues around the phosphorylation site (21, 22) . These requirements are fulfilled for all the CK2 phosphorylation sites determined in the maize HMGB1 and HMGB2/3 proteins (Fig. 1A) Fig. 3 and Table II ). In the case of Ser 133 , the acidic residue at position ϩ1 (Asp 134 ) together with the acidic cluster upstream of the phosphorylation site probably can substitute for the usually critical acidic or phosphorylated residue at position ϩ3 (22) .
The HMGB1 and HMGB2/3 proteins, but not the HMGB4 and HMGB5 proteins, are phosphorylated by CK2 within their acidic C-terminal domains. In the HMGB1 protein isolated from BMS cells, amino acid residue Ser 149 is phosphorylated constitutively, whereas Ser 133 and Ser 136 are differentially phosphorylated (Table II) . In the case of the insect HMGB proteins derived from Chironomus and Drosophila, the tested HMGB proteins are essentially phosphorylated constitutively at two or three residues within their acidic C-terminal domains (13) . By contrast, it is unlikely that the vertebrate HMGB proteins are substrates for CK2 phosphorylation, as the acidic C-terminal domain of these proteins consists mainly of a consecutive stretch of aspartate and glutamate residues (1) lacking canonical CK2 phosphorylation sites. In the case of the maize HMGB1, it is likely that, in addition to CK2, another so far unidentified protein kinase contributes to the phosphorylation of HMGB1 in vivo because HMGB1 isolated from BMS cells contains four phosphate groups, but only three residues are phosphorylated by CK2.
The thermal denaturation experiments with the nonphosphorylated HMGB proteins demonstrated that HMGB2 has a slightly higher thermostability than HMGB1. CK2-mediated phosphorylation of the two proteins induced an increase in thermostability (4.1 and 1.3°C for HMGB1 and HMGB2, respectively), which was more prominent with HMGB1. This marked increase in T m of phosphorylated HMGB1 resulted in a slightly higher stability of phosphorylated HMGB1 compared with that of phosphorylated HMGB2. The relatively high thermostability of phosphorylated HMGB1 is in agreement with the finding that HMGB1 is the metabolically most stable maize HMGB protein in BMS cells (8) . In line with our results, fluorescence studies of a HMGB protein from Chironomus have revealed that the CK2-phosphorylated protein exhibits a melting temperature that was 2.4°C higher than that of the nonphosphorylated protein (13) .
Depending on the DNA substrate, the acidic C-terminal domain can severely influence the DNA binding of animal and plant HMGB proteins. Although the acidic tail reduces the affinity of HMGB proteins for linear and supercoiled DNA and for four-way junction DNA, it has only relatively little effect on the affinity for DNA minicircles (17, (27) (28) (29) (30) (31) (32) . The reduced affinity of maize HMGB1 and HMGB2 phosphorylated by CK2 for linear DNA (Fig. 5A ) is in line with the findings that DNA affinity of HMGB proteins is decreased by an increase in the length of the acidic tail, which correlates with a higher number of negative charges (17, 27, 31) . Phosphorylation of the acidic domain of a HMGB protein from Chironomus by CK2 significantly reduced the affinity of the protein for four-way junction DNA, whereas it had no effect on the interaction with linear DNA (13) . The fact that the affinity of plant HMGB proteins for linear DNA is reduced by phosphorylation of the acidic tail could be explained by stronger intramolecular interactions of the acidic region presumably with the basic N-terminal domain (6) . This basic N-terminal domain (typical for plant and yeast HMGB proteins) enhances the binding to linear DNA (17, 33) ; and insect HMGB proteins lack this domain, which may explain the different effect of CK2 phosphorylation of the acidic tail on the affinity of insect and plant HMGB proteins for linear DNA. CK2-mediated phosphorylation of maize HMGB1 and HMGB2 had no marked effect on the affinity of the proteins for DNA minicircles (Fig. 5B) , but the phosphorylated proteins formed only two complexes with the minicircle, whereas the nonphosphorylated proteins formed three complexes in the same range of protein concentration. Because the acidic tail is involved in the oligomerization of the maize HMGB1 protein in the presence of DNA (17), it is possible that phosphorylation of the acidic domain modulates the cooperativity of the binding to the minicircles, which may be critical for minicircle binding (34) .
In contrast to other eukaryotes, which usually contain two or three HMGB proteins, five different HMGB proteins have been identified in maize and Arabidopsis. Moreover, the plant HMGB proteins are structurally more variable than mammalian, insect, and yeast HMGB proteins, both in size and in primary structure (6) . They display different expression levels in the plant, are differently associated with chromatin, and exhibit differences in some of their DNA interactions (7) (8) (9) . Therefore, the different plant HMGB proteins might have been adapted to act as accessory factors in a variety of specific nucleoprotein structures (6) . The differential phosphorylation by CK2 further increases the number of HMGB variants occurring in plants, which display subtle differences in their DNA interactions and/or their protein/protein contacts, making these proteins even more versatile architectural chromatinassociated factors. In plants, CK2 phosphorylates a wide variety of substrate proteins and is involved in the regulation of various developmental programs such as circadian rhythm, control of light-and salicylic acid-induced gene expression, and plant growth (35) (36) (37) . It will be interesting to examine whether the phosphorylation of HMGB proteins catalyzed by CK2 plays a role in these processes and how the recently identified maize CK2 subtypes (38) are involved in that.
